pattern of distribution seen in human PVs. In the current paper, we identify and characterize G4 1 1 0 sequences in three PVs infecting the Florida manatee. The study of G4 in manatee PVs has ecological as well as biological significance. The Florida manatee is an aquatic mammal living in the coastal waters of Florida that has been 1 1 3 classified as an endangered species since 1967. Its population declined for a variety of reasons, 1 1 4 not the least of which was that its gentle, slow-moving nature made it vulnerable to injury from 1 1 5 boat propellers. Efforts at restoring the population have been successful to the extent that the 1 1 6 species was downlisted to threatened status in 2016. However, in the midst of these efforts, 1 1 7 animals undergoing rehabilitation frequently showed signs of high sensitivity to environmental 1 1 8 stress, one sign being the development of cutaneous or mucosotropic genital papillomatous lesions. Some animals, both in captivity and in the wild, showed antibody titers indicating the proteins form a complex that initiates viral replication at the origin, resulting in amplification of 1 3 4 the virus. E2 also functions as a negative regulator of E6 and E7, two coding regions that During our initial sequencing of TmPV4, a glycine rich GGA repeat sequence identified 1 3 9 in the E2 region created an obstacle to sequencing due to the formation of a secondary structure, 1 4 0 necessitating the use of power-read sequencing analysis to complete the genome (19, 20). We 1 4 1 reasoned this was likely to be a G4, given that a GGA repeat would be a sequence pattern likely to blockage of E2 by a G-quadruplex structure. In this paper, we identify sequences with the potential to form G4 on both DNA strands 1 5 1 in each coding and non-coding region on all three manatee PV genomes. In contrast to the 1 5 2 findings for G4 in HPV, we find that the majority of sequences identified were capable of 1 5 3 forming G4 structures with two rather than three G-tetrads, and we provide laboratory support 1 5 4 for the formation of a secondary structure from one such sequence. We find several G4 in similar 1 5 5 locations on all three PVs as well as several G4 in similar locations unique to the two PVs 1 5 6 forming genital lesions. G4 were also located near putative E2 binding sites in non-coding 1 5 7 regions on all PVs. Although G4 were found in all coding and non-coding regions, G4 were 1 5 8 significantly enriched in the E2/E4 region on all three genomes, suggesting that G4 are 1 5 9 evolutionarily preserved in this region.
The number of putative G4 sequences, broken down by DNA strand, genomic region, and TmPV genome, is displayed in Table 1. As described in the Materials and methods section, longer sequences supported the development of more than one G4 at a time. As a result, in 1 6 5 several regions, the number of G4 possible was slightly higher than the number of sequences 1 6 6 8 identified, and these values are displayed alongside the number of G4 sequences in Table 1 .
TmPV4 had the highest number of sequences identified, with 20 on the forward DNA strand and 1 6 8 17 on the reverse strand. Somewhat fewer sequences were identified on TmPV3 (13 forward, 11 1 6 9 reverse) and TmPV1 (14 forward, 15 reverse). TmPV1  TmPV3  TmPV4  TmPV1  TmPV3  TmPV4  E6 -
1 (1) -7 (12) 3 (5) 3 (6) 6 (9) Total Early Region 10 (10) 7 (7) 14 (20) 4 (6) 3 (6) 6 (9) L2 2 (4) 2 (4) 3 (3) 5 (6) 5 (6) 7 (7) L1 2 (2) 3 (3) 2 (2) 4 (5) 3 (3) 3 (3) Total Late Region 4 (6) 5 (7) 5 (5) 9 (11) 8 (9) 10 (10) identified. This sequence was embedded in a much longer sequence also capable of forming a 1 8 0 two G-tetrad structure. The individual sequences along with sequence locations and sequence 1 8 1 descriptors for putative G4 identified in each TmPV genome are available in S1, S2, and S3 For all TmPVs, the number of nucleotides covered by G4 sequences was greater than 1 8 5 expected in the E2/E4 region when compared to a random distribution of G4 across the genome. This occurred primarily on the reverse DNA strand (E2: TmPV1, p = 0.05; TmPV3, p = 0.053;
TmPV4, p = 0.015; E4: TmPV1, p = 0.005; TmPV3, p = 0.008; TmPV4, p = 0.001). However, 1 8 8
TmPV4 also showed enrichment on the forward DNA strand (E2: p = 0.013; E4: p = 0.009). The To identify similar patterns in the distribution of G4 sequences across the three manatee 1 9 4
PV genomes, the coding/non-coding regions were aligned at their starting locations, and G4 1 9 5
sequences with one or more nucleotides at the same distance from the beginning of the region 1 9 6
were identified as occurring at the same location within a region. There were several regions 1 9 7
with G4 sequences in the same location on all genomes. In Fig 2, on the forward DNA strand 1 9 8
(left), G4 sequences were found in the same location in E2, L2, and L1. On the reverse DNA 1 9 9 strand (Fig 2, right) , G4 sequences were found in the same location in E2 and L1. There were 2 0 0 also regions with G4 sequences occurring in the same location on TmPV3 and TmPV4 but not TmPV1. On the forward strand this pattern was found in E1 and NCR, and on the reverse strand, 2 0 2 this pattern was found in E4. On each PV, G4 sequences were identified in the non-coding region (NCR) where the 2 0 5 origin of replication is located. Given the known role of G4 in replication (23, 24), these regions 2 0 6
were searched for E2 binding sites to determine whether the G4 sequences might be positioned 2 0 7
close to the origin of replication. E2 binding sites were identified using the consensus sequence 2 0 8
ACCgNNNNcGGT, allowing some variation in the fourth and ninth nucleotide positions 2 0 9
(lowercase g and c) with most variation occurring from nucleotide positions 5 through 8 (25). sequences identified have the more conservative consensus sequence of ACCGNNNNCGGT. putative E2 binding site. highlighted in red bold. To study the possible formation of G4 secondary structures, analytical ultracentrifugation mixture of several molecular species as monomers (total accounted for 90% monomers, Fig 4A) . TmPV4-2 was also a mixture of structures, about half monomeric and the rest aggregated (57% 2 3 6 1 2 monomers, Fig 4B) . In contrast, TmPV4-3 sedimented as a 90% dimer (Fig 4C) , indicating the 2 3 7 possible formation of a two-stranded G-quadruplex structure. The circular dichroism (CD) 2 3 8 spectrum is consistent with such a structure as illustrated in Fig 5 and 6 . The current study represents the first G4 sequences identified in PVs infecting a non- In at least one case, these two-G-tetrad structures have been found to be more stable than three 2 4 9 G-tetrad structures (28). In a second case, a similar structure with different loop interactions and 2 5 0 capping structures was identified (29), supporting the notion that sequences capable of forming 2 5 1 G4 are more variable than once thought. This suggests that the search for G4 in PVs should be 2 5 2 extended to include two-tetrad structures. Our biophysical analysis confirmed that one such sequence in TmPV4, a GGA 4 motif 2 5 4 located on the forward strand of the E2/E4 region, formed a secondary structure in the 2 5 5 laboratory. GGA repeat sequences are common across eukaryotic genomes (30), and the 2 5 6 biological relevance of GGA repeats is well-known (31) (32) (33) (34) (35) . One GGA repeat sequence has been 2 5 7 found to form an intramolecular G4 in the laboratory (22, 36) . A second GGA repeat sequence with the myc-associated zinc finger protein (37).
The distribution of G4 sequences within coding and non-coding regions across the 2 7 0 viruses suggests that G4 may have a variety of regulatory roles. G4 sequences located on the in future studies. Similarly, on the reverse DNA strand, the formation of G4 could serve to 2 7 6 inhibit transcription through blocking polymerase or binding proteins that enhance or inhibit 2 7 7 transcription. In all cases, G4 serve as valuable potential drug targets for viral control. On all three manatee PVs, G4 were identified at the same location on the forward DNA 2 7 9 strand in the L1 and L2 coding regions, perhaps indicating a conserved function for these 2 8 0 sequences in the formation of the capsid proteins. New evidence suggests that G4 have a role in 2 8 1 immune evasion through antigenic variation and viral silencing (13). In Neisseria gonorrhoeae, a 2 8 2 G4 structure is essential to variation in the surface protein pilin, allowing the bacteria to evade to affect the ability of dendritic cells to detect the virus (40). G4 sequences were also identified in non-coding areas on all three manatee PVs and were 2 8 9 located near putative E2 binding sites, indicating a potential role in replication and/or 2 9 0 transcription initiation. This would not be surprising given that G4 have been associated with identified by Quadparser. Significance values for G4 sequence coverage in each region were 3 5 1 estimated as P = (r + 1)/(n + 1), where r is the number of random simulations in which the 3 5 2 coverage of G4 sequences in a region was greater than or equal to the observed coverage of G4 3 5 3 sequences in that region and n is the number of random simulations (49, 50). Significance levels were calculated for G4 sequence coverage on each DNA strand in each region of the PV Putative E2 binding sites were identified using the consensus sequence 5'- occurring from nucleotide positions 5 through 8. To cast the widest net in searching for E2 3 6 0 binding sites in manatee PVs, positions 4 through 9 were allowed to vary over all nucleotides in 3 6 1 the regular expression designed to search for these sequences. manufacturer's yield. Concentrations were estimated from the absorbance at 260 nm of suitable 3 6 7 dilutions into K + -free tBAP buffer (10 mM tetrabutyl ammonium phosphate, 1 mM EDTA, pH 
